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Genetic Algorithms for DNA
Sequence Assembly

Rebecea Parsons®
Stephanie Forrest!
C'hiristinn Burks?

April 13, 1993

Abstract

This paper deseroes a pgenetic adgorithm application to the DNA fragmeut assembly
problems. The genetic algorithm uses o random key representation for representing the
orderings of frapgments. T'wo diflevent likness Tuncetions, hoth based on pairwise overlap
strengths botween fragments, were fested. The paper coneludes that the genetie algorithm
is a promising method for fragment assewbly problems, achieving usable solutions guickly,
but that the curreni fitness fanetion. are fowed and that other representations might be
Imare appropriate,

Keywords: genetie algorithm, fragment assembly, human genome project, ordering
problems, random key representation.

I Introduction
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sequencing projects (3070 The scope of thece projectz makes it imipractical to assemble by
Land the resalting, cequence Trapments into o colierent cansensus sequence, Fartheomare, the
cotpitational compiexity o!f the tash miahes software tools hased gnenmulation (ol the manaal
approachy mercasingly impractical. o example, Gallant [TH has shown that the Draginent
assembdy problem, rocast as the detecmination of the shortest conmmmon sapersteimg, (SCS), s

NI complete (e, computationally infeasible for arpe data sets), Fven Tor the over singpiilied,
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reduced approach of modeling fragnient assembly as determining the order of beads (fragiments)
on a string, O(N') operations are required for N fragments. ‘The determination of overlap
strengthe: [6] is also dannting, requiring O(N?) operations. In particular, these bottlenecks are
significant for the proposed sequence throughput levels of the human genome project (107 - 1F
bp/day)[17).

Randomizaed search methods have recently been applied to the fragiment assembly problem
with good success [6]. In this paper, we extend this work to include genetie algorithims. The
assembly of overlapping sets of fragments into large segments of contiguous sequencee, deseribed .
as conligs [32], requires the pairwise alipnment of the fragments among themselves, followed by
the svinthesis of these pairwise results into ancoptimal elobal alignment expressed as o consensns
sequence. We report our nitial vesnlts veane the genetic algorithm to penerate ordeiimges of
DNA sequence fragments that maximize the overlap strengths of adjacent paires in the resnlting

Favont.

2 Introcaction to Genetic Algorithms

Genetie alporithmes (GAx) are o biased saoapling, adgorithin based on the Dirwinian notions of
variation, differential reprodaction, and imheritanee [15, l'.’.l. Computation in a GA procecds
by creating suceessive populations ol individuals, generally bit strings, with cach individual
representing a potential solution to the problem, 'T'o generate a new population from an existing,
one, individuali are selected in proportion to their litness; as o consequence, less it individual:
have Tew il any representatives (copies) i the ne v popaladion and more fit individaal have
nany representatives. Variation s introduced tHrouph two operators: crossover and mat vion,
Crossover simply exchanpes substrings between twvo individuals) creating, hybids whicl veplace
Cheir parentss while ntation thps the valoe ol individoal bites Fach individaal & fitae
cvabated s and the peocedbine it nareds The cocle ol evaluation, teproduction, oo e and

Poaeenercaom Popdatieas e typneadly itiad el withe coodennb e v

Pt ot ol
st and over tione, the GA procedme penerally evolves populations of laghly it indieadoal

A cotmmon crosover opetator i bwo pomt ceossover i which fwo eronnover points aie ran
domey selected and the B hetween the fwo crossover points are exchanped, creating two new
chitldrer. The puepose of crossover s to take twa pood partial solutions and combine Hieir parte
to produce, sometimes, a belter solution, The porpose of matation iz hoth 1o esplore vandon
Pt of the search space and o allow for the re mtrodaction of “pencte™ matorial that e
have died ofl man carlier peneration. Without mtation and crosaover, no new powt o the
soareh space wonld e explored. For detals on the vaplementation of penetic alporithoe, 1the
reader oeorelened to Il'.’, HI

A promany conrderation an the cpplcation ol GG a patticalar problem v the celection
ol a repres ntabion for the problens solations ws bt stomess To many cases, simply coneadenine
Che Dt sty to be o bimaey nomiber o acenien of binaey mimmbers) e sothioents Howeser e
dievssed a the nest section, thin repr-sentation s not necessatily appropriate for the Basment
aszeribly problem Another consideration w the desipn ol a GA for a particala problean o the
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Figure 1: Random Key Representation for the Fragment Assembly Problem

creation ol a function to evalnate the Titness of an individual, In this paper, we report on two

different fitness measures for the fragment assembly problen.

2.1  Representation Issues

The feapment asseimbly problem is closely elated to the fmiliar combinatorial optimization
problem  the traveling salesperson (‘PSP) [?0]. Like TSP the Teagiment assemble problem e
striets lepal solntions to those in which cach fragment (city) appears exactly once. Inaddition,
Loth probleme. have o measure ol how dearable it iz to have two fragiments (cities) adjacent in
the tinal solution. In the case of fragment assembly, this imeasure s the overlap steength 1o],
which essentially represents the mmber of overlapping, contipnons base pairs hetween the two
frapments:. One sipnificant dillerence between the two problems e that the four of the 'S voa
crec e e all b tine pointe oo the cicdle vepre ent equivalent s olation T contoast o Leont
Do o detinate < tartme and endipe point Pl e ae e dieanewed ot the end ol this seenion,

Cotortanately, POl and the esment o emble prehicnc are ot caaly amendable 1o GA
approach. The probicm i the mappinge, of o bit steig into o layont sach that the croover
apetation produces o lepal Tavonts Phe abvows mapping, frome Bt st to Lo cwhich Toe
[ apments, nses b bits C* U ) Fon eadh learment i the lavort and e iagment poaton..,
does not peantam legal Tavorts o ine standard crocover Nothing e the coossover aperatinn
prevents the same frapment designator from appearing more than once e the pevs mdivn el
evenaf i only .||n|n'.'||l'u| ane e each ol the [erent

There are two wavi Lo approach thi probleme o specialized aosover tinetion whieh only
produces lepal Tavouts, or a different mapping from bt stvinge to lavonts Grelenzstette of
al Il."l, Obiver of al |'|i Whit e I'I“"]- andd Muhleubhemn I".'" «'\']v'nll' dillerent tepresentations:
bt concenitate on different croccover aperator. for TS Aabdenbien ol Propone. Banee
e overall -eatel stratepy of the GA by chedonme membiers ol the popatation and pedlormunge
a analler momber obmore doectod lacal - eanchies

We choone the cecond approacdh celectmy o ditterent mappiog from bt sting Gy lavonts



This mapping, a modification of one suggested by Bean 1] insures that all hit strings represent
legal layout. Thus, the standard two-point crossover operator, or any crossover operator, always
produces a legal Tayout. Our representation s illastrated in Fignee 1o For o layout problem
consisting ol » fragments, =elect a value & sucli that ok e :n, a number of hits suflicient o
represent. o munber wp to i, Inercasing the value of & beyond the mininmu: required is possible
and may shightly improve performanee 28] Phe bit steing required is then e by (004 1) i
m dength, Mapping a bitstring by, by, o0 by to i layout of e fragments fiy fa, ., [, proceeds by
considering the string as a sequence of 04 | kev values, each of & bits. The fivst 2 keys are
then sorted. I the key value in position ) of the individual appears u position ¢ of the sortad
st then fraement Jis in position 2 of the infermediate lavont. The lest hev in the individoal
specilioa the starting pocition o the intermediate Lvout; the final Tavout yosnmply aorotation o
the itermediate layvout with the fragment i the specified starting position as the fiest fragiment
i Che finad Bovont . Thic stantine, pecation sorequired to allow cooseover taswap leagnents Teon
one end of e Tavont o the others Since the Livout as linear, standard crossover would not
perform this operation without the starting position,

As an example, consider a hit steing: which produces the following, mtepers, asing 3 bits per
Y

fraement: 27 15 320 Under this mapping, the fragment Layvoul represented by this bit stiog i
Faol 2 3 wakh anintermediate ayout of 310 120 Sinee the lowest valoe, Ty appears in the vhind
position of the steing, the first feagment in the itermediate Tavout is 30 'The next lowest vadoe,
2 s the first position of the it siving, and therefore the second fragment i this Tavout s 1.

The Last kev s 2 so the final Lavont hegins ot the second position of the termediate Tavou

atd wiapes to Che heoinnine.

2.2 itness Fanetion

VG Bine s Tone Gonc mape o e bl voc it e vaduer thie sadie oo whoe the G e
toncelect e edads don the new popadatieans Lo he ellective the Titnecs Tone b howded e
tetatnels eay to compate oned homtd ab o aecinetely ellect the e apadnbey ol e ol

Weieport here on the vesult: vaange, two elated itness Tanctions, The velationsdop ol Tragmen
acemblv ta ESE sueecntn o simple Biness fooction the s ob the overlap cbreneth o eadia

b the wpacent e the Lot

where el o 4 ] v the ovedlap stenpth ol Bragmentom positions cand fraginent o 11 The €0\
atterapts to dindd ao ordenme and o sbartme pomt foe the eapments soch that the soa ol e
evetbap sdrenpethe fon o pa ent Tragmente e s ed s By maeanncoe the calue the ve alnne
Lovont should ave fraements adjacent to eacdhe other ane the Lavoat that hilely overlagp me te
pravenl weqnenee,

e coecomed e Tine G e acelaboraton o the preevione funcbion and v espiecaed Ty the



following equation [6):

"
2= Y 3= g v wli, )
=gl
where @ and 7 range over the positions in the layout. and wl[i, j] The GA attempts to minimize
this valne, This fitness fuanetion, in addition to examining the strengths of overlap for adjacent
ragments also examines the overlap strengths for fragments farther apact in the layout. ['he
litness of o layout declines as a pair of fragments with a large overlap strength moves away from
cach other. Ninimizing this viaae Lrings Tragments with high overlap strength closer together,
The livst function s mnch easier to compute, requiving looking only at a linear mnber of
ovetlap streneths, I contrast, the <econd Tanetion more hieavily penalizes o strine with frae
ments clustered naproperly than does the lirst Tunction, althouglh it requires (¢ N7) operations

to compnte, fo Secton 3.3 we compare the Tavauts eesalting, from the two hitness funetions,

3  Genetic Algorithms and DNA Sequence Assembly

2.1 Test Environment

The test sels for this paper were gonerated using a propeam to create fragments from o parent
sequence ina manner that models the experimental process (9]0 T'wo parent sequences were
vwaed ,with roveral frapment sets penerated for each parent,

The tist parent sequence, o homan MC elass T resion DNA with tibronectin type 1l
tepeats ITENENTHCET (220 with acceasion vamber NGOTSO, b Geido o cin Teaeths the second
parent . a loman apoloponrotein TTUNATORE [H] with aecession muomber NPT, i FOUSY Do
i oeneth,

Foomthe mwo tod et we created ive Traement et o by vavme the mean converaee hetween
Hivec and covenand the tean Braernent lenech etween 200 v 0000 AV C veperatod e braenens
chantrodiome coorcat aoate of 105 mto the data Chverlap et e were connpasted o can
ol these feaprment etz [6]0and any overlap strenpths of Tes than bwenty wae diccanded e noieae
For cach frapunent et we made tive vanes of the G varving, the randon seed Ton the rone e

bl ot ton of thee G0N s meedilications of CENTESTS o palihe doman G el

3.2 GA Peviormance

Ascdecnbed m Section 2?00 we cheeae twosditlerent hitoess b ion cowrt e wlneh to et thie e
formanee of thie G vepresentation. There ares however, wo separate queatone to be anavered
in thes comtest 0 How well does the GA pertorme e optinnizing, the part- alar funetion” gl
i) How vood oo the e colution e Fivont oo ovaradl approadh 1o jience aec e, we
bl by attempt to foed o total ondenme, of the tragmentss chee Total vy, trana, ten oo
ot segquenc ey whinh sea wenes of contipes Several Toctor mtoence the desnability ol o
pethicnln connenran sequence . To o tead e we canmicasiae the percentape ol the o

ent cedgience covered v the Lavont e the percentare of the covered area which e conecty



matched by the consensus sequence. We also intuitively believe thar fewer contigs represei
a better sequence. Howevery when dealing with a veal problem where the parent sequence is
unknown and the degree ol coverage of the actual parent is also unkuown, these measures do not
apply, althongh presmmably o smaller nummber of contigs i still preferable to a larger mumber.
One desivable chavacteristic of GAs which applies to our application is that they tend to
taprove tapidly in the carly sencerations. The oraph in Figure 2 shows the chanee in the fitness
scores for 4 of the test runs, 'Thie fitness score improves signilicantly in the livst 25%, of the ran,
and then eventually fevels ofl. For this run, the value at which it stabilizes is not an optimal

value, This graph s representative of the graphs for the other rums as well.
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Frevre 3 ahiows the performance of the G g, the two different Bitneas o oo For cadch
of the data et the tabbe nelades the Breste valoe fonnd acerons all vanes for he ot et in tern
of the vumber of contie s fomnd for the cortesponding lavont, the weare nder the other hirnes,
e ion and the nomber of contips for this vun of that data set, The parent sequence referene
mcludes the Lo oo letter, of the wdentilior ol he ETUTEHTIEN and the mean covetape and niean
M ment leneth wsed to eenerate the fraement et

Wenned elativelo nandand panameter set G and operator tor these vair o o Groscas e val
of 06 with the tea pomt crossover operator oo Gation vate of 00D per hit per pezeration, and
anteratnion connt of 00 The popalaion seees were set consaderabile somaller than i penerally
the cane dor CoA Wil ompeee ol the fenpet s We chione these settmgss based on o poc iy
Al ol the repre centation ||

Ancmteres g Lot demon: trated Ty Choee tabde v that equiaily pood Lovont - o the <tandd
pott ol conties have vasthy dilerent fitness wcores mnder botle Titpess fancbions For cwoangnple,

the et hime o both tables pive -ame o Llavouts Whitle the scores ander the B i tion ane



E———_t—_-‘;-[_—:' T (Lincar, Maximize) Fanetion "

[ Parent | Bes 2 S('U_;'_(T‘I_I“l'.'llu;s Contigs
CEFTB(5,100) 13,000 AT0.627 18 5
CEIBELH00) T ARENDR 2 1
CIIB(6,300) Phsan | 1,936,097 T Ll
CIT3(7,400) 19513 2.679.743 68 7
CIIB(errors) ANTS 162581 18 7
POBIE(H,100) 31372 4,773,091 127 23
POB(3.500) 17,959 A01.6UN Gl 13
POBI(G,300) RUIRULT I B R P 20 IS
PORI(T.10m SRR IS T0Y 177 14

[T Pruadiadie, Aliimize) Function |

T Parent ] T Best | L Score [ Frags | Contigs
CRIB00) | 4o o as T
CEIR(3,500) TR O 3 gl
CFIB(G,300) | 8H2.087 13,07 7 8
CRIBETA00) | 1208080 20163 (8 1
CEIR(errors) A8
POBF(5HA00) | 1331705 21010 127 03
PFOREEH00) 000 61 s
POBE(GA00) T 5770000 S305 | w0 A6
OB A00) 177

Frevre a0 G Ter Beanles fon Dwo Faness Fanenione,

sitndlar, the seores uneder the B2 function diller iy 205 Notiee also that the second line of the
two tables differ under the FU funetion by dess than 190 while the F2 seores difler by e

TOY T this cane, aeowell, the Tavonts arve il wsing the nonber of conties as Che measre,

3.3 Comparison of Fitness Funelions

The Lavents produced veane the 122 itness lunetion are never weese than those produoced nsing,
the F1 Tanction. Lioone case it i sipntficantly hetter, althouph neither pol very cloze to
reasonable Livont . Tlowever iven the ditferenee in the time required to compute the fanctione.,
additional itevations conld he applied in the cane of Tundtion 171 which shonld provide additional
apportunitics Tor mprovement. Neither objective Tanction, however, appears to do o poad jobh
of chiaradterizing voad |.|_\-n|||:.', since the fitness seores Tor lnllyllll_\' ("lll')-'ll'.ll)l!' I".\"""-" difler s

deamatically We e bepinning to compare the tepes ar zolntions foaad by these functions, aeang,



metries other than the nnmber of contigs, in order to get some insight o what an appropriate
fitness function is for this problen.

3.4 Comparisons to Other Approaches

To st the applicability of more vraditional optimization technigues, we niplemented o standard
hill climbing algorithun for this problem. The hill climber randomly selects a starting bit st .
and evaluates its fitness. [ then randomly alters the string at one bit position and re-evaluates
the ditness, [0 the new string has a higher fitness, then it continnes the scarch from this point
in the space. Otherwise, the searel continnes from the previons bhest strine,

Tlhee e adte fome the Ialb climber were dicappointing, Sanple Becimem sets lor eich of
the seguences were run for 20,000, 100,000 and 500,000 evaluaiions of the litness function,
Table Tanimpaices the results, haprovements i the fitness of he tudividnal were not signilicant
compared to that required for an aceeptable Livout.

idits T Fitness Score

ST Start AT T ATer T ATer [ Optinal (K1)
\’nlm'l (M~ l 100\ ‘l—:'n(l(llx' I Value

I R A B T R AT T 270

| 4530 g9 mml 1131 l SO0 |

Fignee 1 IHT Clinmbing, Results

4 Clonclusions

Seqquiencing, projects using, random sequencing, stratepies can benelit lrom leedback on the qualiny
of the Tragment st created al varions stapges o the project. This evaluation can help foeus
sequencing on ateas Hid are not being, properly covered by the random approach, or show that
imsntlicien: data e avinlable overall to derive the parent sequence. The feadback required for
this evaluation 1o proposed consensits sequence, hisad on the available data. T'he proponed
seqpiene e does not need (o be perleet, bat shonld have asmall wnmber of contips e shonled be
derivable gquickiv, These propertios are consistent with the nse of GAs, which penerally provide
near optimal solntions relatively quickly, GAs pet their performance feom the ability to process
maiy dillerent aneas of the seavely space in parall-l

In this paper, we have examined one particoalar inmplementation of & GA tor the praoblem
of DNA sequence assembly, There are two eritical components in the desisn of a0 GA for o
problem the representation and the Gtness funetion, We reported on the performanee of the
random kevsrepresentation using, two related fitness functions, We fornd that the performanee
of the two e fions iz comparable in most cases. with the function 120 always pectorming, at



least as well as the simpler, linear fitness function, 'l Neither fitaess functions appears to
represent the desirability of a layout appropriately, however.

For the sequences we examined, the solutions found for the small sequence are gnite reason-
able. For the larger sequence, only one of the data sets gave a usable layout alter 100K iterations,
However, this is not a large number of iterations in comparisen (o the size of the scarvch space.
I related report. we examine the tandom kevs representation for thiz problem {25]0 There we
draw the preliminary conclusion that this representation may be adversely affecting the ability
of the GA to evolve rolutions. The issue of population cize and number of iterations, closely
related parameters ina G must he re-exinmined in light of the behavior of the representation.

[n examining the ontput at various stages of the GAJ we also find that this particolar
representation does have the characteristic that signilicant improvements oeenr quite carly in
the ran. In comparing the performance of the GA to that of the other stochastic approaches,
primarily dillevent forms of simulated annealing, (1. we found that the rate at which the GA
inproves is faster than that the anncaler, The annealer nltimately finds a better solution from
the standpoint of the objective function but we have yet to study the difference in the nsability
of the linal solutions versus the time to compute them.

Given the initial rapid iuprovement in the solutions found, the GA proves itself to heanselul
tool for directing the course of random sequencing strategies for sequence assembly. THowever,
we did find thit the carly solutions found for the larger problems were not as of high woguality as
those for the staller problems, We conjecture that the representation we are using lor the GA
docs not maintain the stability of building blochs and does not allow lor micvementally mereasing,
solutions as is typically the case with GAx [25]0 Alteriate representations are possible for this
problem, We further addiess this issne in Section 1.2

1.1 Raelated Work

Rawline:” 9 divectony b Tifteen soltware packages withe et Teast sotmie sequence aecnnhily
capabablie cnolortanatelo e alporithome bas ol these atnd mare recent v deseloped toal
not heen extensively roviewed: however see Keceaogin [19] for a briel veview. Probably the
hest known sequence assembly package, and the inspiration for many ol the others that have
heen developed, is tat of Staden [32]. Tn the Tollowing, review, we focus primarily on the psaes
surrounding lavont eenciation. which is more computationally intensive than calenlation of
overlap strenpt hss however, several of the papers cited (e, Keeecioplu E9and Hleang, [16]) also
fovs on improved alporit s tor overlpe strengt e determination. Phis approach was ovipinally
created Tov application (1 ta parent sequences (and corresponding, sels of seqguence fragment s
|'q-(|lli|'i||_|'_ “-"”‘"”"“”.".) |'('|.||i‘-'(-|_\' shaort 1'u|l|!).‘|l'('l| for those |l('i|l]" determined now, and (II} m i
highby interactive, geer divected mode that s adequate for occasional use when sequence data
are accrmulaty, relatively dowlyv, ot which quickly becemes impossable i acsteady stream of
sequence data [33,30] 0 T addition, maost (if not all) of these approaches are hased on “preedy”
procedures that extend a contip o liagment from a piven stanting, pomt. These approaches i
the advantape of ellicieney paned by selectively sampling, from the set of all possible Tavonts,

bt the distinet drawhacks of (1) inesactness duae 1o the high depree of inteevention reqguired to
. L) I



achieve the end result, and (1) potentially ending up at ¢ less-than-optimal final solution.

The first drawback was addressed by Peltola et al. 26, 27], who used interval graph the-
ory (briefly sketched by Sedgewick [31]) for developing a formal representation of the greedy
approach, extending a given contig by the strongest overlapping fragment among the remaining
[ragments not already in o contig. This allowed one to automate the assembiy process: this
approach was used most recently by Huang [160 Over the pase few years, several groupe [,
35, 21, 2, 18, 19] explored extending this approach to solving the 5CS problem, and, conversely,
casting the sequence assembly problem in terms of SCS. ‘They found that greedy solutions, in
the worst case, were not guavanteed to have fength less than within a factor of two (or more)
ol the slobal solution. Kececiogln and Myers were the first to allow Tor errors in the npat
fragment sequences, and 1o provide theoretical analysis of the effect of this constraint on fiading
SCS wolutions. They present several alternative strategies for sequence assembly taking this o
account.

We are not aware ol other work inappleing GAs to the problem ol DNA sequence assemibly,
althongh they have been applied to the related problem of DNA mapping [10, 28).

1.2  Tuture Work

The solntions that the GA finds quickly are, for small problems, quite usable for the screening
tasks we are targeting, For the larger problems, however, these carly solutions are not alwavs
sood enough. We plan to explore other representations for fragment. assembly in search of one
that maintains boilding hiocks in the nsual fashion bt retains the cardy improvement. behavior
of this representation. A desirable feature of this new representation would be the ability to
incrementally add fragments to a lavont without having to completely re-vun the optimization
process, One possibility that we have hesun to explore is to retain the nse of the sort ordering.
which nnplics the closire of the operators over the space ol bit steings: but wse some other
mapping, fron Uhis sort ordering, 1o the Tavont,

I Section 300 we now that the nlx_';w'li\n- tunctrons do not III‘((‘.\'.‘\.'H'”.\' -'ll'('lll'.'ll(‘l'\' redlect
the desirability of the solution. Thus, we plan to experiment with other objective funetions,
specilically looking Tor a function that incorporates the desive for contignity of the solution in
addition 1o the quality of the overlaps. To Tacihtate the design of the new function, we plan to
heein by characterizing, the types of solutions (fonnd using the different fitness foactions, One
potential Tup-tion to try s to modify the T Tonetion to incorporate a sliding, window witlim
which the overlap strenettes ave exannined, sinee the layont problem itsell relates more elowely
o the prolbdem ol finding o partial ovder rather than a total order. Bis also possaible to atteanpt
{o combine with Che :'xi:x'liu.e'; Hitpess Tuncetions some measure of the ('()Ill.i,'_'llllll._\' of Lthe |.‘|_\'n|||_, il
is . open question how o halanee these ditferent objectives to obtain workable solutions.

We wonld also like (o explore the possibility of combining, the GA with other techinigues.
Given the sipnificant improvements Tonnd early on, one reasonable seenario s to run the GA
aned Lhen pass 10s best solution or solutions to another optimization program for relincment.
Ihis techmigne is consistent. with the role of the GA as a conrse grain oplimizer with it’s ability

o explore larpe areas of the search space e parallel, GAs Tave the potential to sipaificantly

1



increase the amount ol data that can be realistically processed and thus contribute to the suceess
of large-scale sequencing projeces.
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